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Abstract we take advantage of the spatial coverage provided by the Tropospheric Emission Spectrometer
on-board the Aura satellite to evaluate processes that control seasonal variations in atmospheric water vapor
HDO/H,0 values (6Dyapor) OVer the tropical Andes. 6Dyapor is lower in austral summer (December, January,
and February, DJF) than austral winter (June, July, and August, JJA), which is broadly consistent with
precipitation studies and with 5"80¢now preserved in tropical Andean glaciers. In DJF, 64% of 0Dyapor
measurements over the tropical Andes are lower than predicted by Rayleigh distillation while 40% of JJA
0Dyapor measurements are lower than predicted by Rayleigh distillation. Air that has lower 6Dy ap0r than
predicted by Rayleigh distillation at a given water vapor concentration (g) encounters low minimum
outgoing longwave radiation (<240 W m™2) en route to the tropical Andes, suggesting convective intensity
controls the isotopic ratios of these measurements. The broad regional coverage of the satellite data allows
us to map the spatial extent of the region where isotopic ratios reflect convective processes in different
seasons. In DJF, convection strongly influences D, ap0r in the central tropical Andes. In JJA, convection influences
0Dyapor North of the tropical Andes. This pattern suggests that monsoon convection controls 6Dy ap0r in
austral summer while large-scale advective mixing controls Andean 0D, ,por in austral winter.

1. Introduction

The seasonal cycle of modern water vapor transport over the tropical Andes is strongly influenced by a complex
interplay between the Intertropical Convergence Zone (ITCZ) [Martinez et al.,, 2011], the strength of the South
American monsoon [Vuille and Werner, 2005], and the resulting position of the Bolivian High [Lenters and Cook,
1999]. Precipitation is strongly seasonal in modern tropical and subtropical South America. During the austral
winter, most of South America experiences a dry season with convective precipitation focused north of the equator
in the ITCZ [e.g., Garreaud et al., 2008]. In austral summer, a deep continental low-pressure zone forms over the
Chaco region of eastern Brazil, feeding convective precipitation associated with the South American Monsoon [e.g.,
Garreaud et al., 2008] and leading to an upper level high-pressure zone, the Bolivian High [e.g., Lenters and Cook,
1999], which is absent in austral winter [e.g., Garreaud et al., 2008]. Easterly winds associated with the Bolivian
High transport moisture to the Altiplano and lead to the development of deep convection in the Andes during
austral summer [e.g., Garreaud et al., 2003, 2008]. Researchers have used paleoclimate proxies preserved in ice cores
from Quelccaya Ice Cap [e.g., Grootes et al., 1989; Thompson et al., 2013], Huascaran [e.g., Thompson et al., 1995;
Broecker, 1997; Pierrehumbert, 1999], lllimani [e.g., Ramirez et al., 2003; Hoffmann et al., 2003], and Chimborazo [e.g.,
Vimeux et al., 2009] (Figure 1) to reconstruct past tropical climate variability and from Sajama [e.g., Thompson et al.,
2000] to reconstruct past climate variability in the northern subtropics [Kaser and Osmaston, 2002]. However, the
interpretation of the oxygen isotope ratios in the ice ('®Ognow) €., Thompson et al, 2013] remains challenging.

Seasonal variations in observed tropical Andean 520, are the central issue. Whereas there is a positive
correlation between air temperature and §'®0spo,, in polar ice (isotope temperature effect) [Dansgaard,
1964], tropical Andean 6'804nou is lower in the austral summer (DJF) than in the austral winter (JJA) despite
relatively uniform annual temperatures [Thompson, 2000]. Many researchers have concluded that regional
5800w Preserves information about upwind precipitation history [e.g., Hoffmann et al., 2003; Vuille et al.,
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Figure 1. Maps of South America showing TES water vapor concentration for (a) DJF and (b) JJA along with TES oD for
(c) DJF and (d) JJA. Filled rectangles denote the locations of ice caps in the (1) northern tropical Andes (Chimborazo), (2)
central tropical Andes (Huascaran), (3) southern tropical Andes (Quelccaya), and (4) northern subtropics (Sajama). The white
square shows the location of the Cruzeiro do Sul sounding data. The white circle shows the location of lllimani ice cap.

2003a, 2003b; Vimeux et al., 2005; Vuille and Werner, 2005; Sturm et al., 2007; Villacis et al., 2008; Vimeux et al.,
2011] instead of temperature [Thompson et al., 2003], suggesting that the “isotope amount effect”
[Dansgaard, 1964] primarily controls the isotopic composition of tropical ice.

Isotopic ratios in precipitation from valleys adjacent to Chimborazo [Villacis et al., 2008] and Cerro El Consuelo
[Windhorst et al., 2013] in Ecuador and lllimani in Bolivia [Vimeux et al., 2005] have been linked to upwind, rather
than local, processes, but the data are spatially and temporally limited. Joint measurements of atmospheric
water vapor concentration (q) and hydrogen isotope ratios (0Dyapor) May constrain the relative importance of
large-scale advective mixing and convective processes in different seasons throughout the region [Worden et al.,
2007; Noone, 2012]. The joint distribution of 6Dyapor and g has been used to distinguish between processes that
transport water vapor through the tropics [Worden et al., 2007] and to the subtropics [e.g., Risi et al., 2010; Galewsky
et al,, 2011] and monsoon regions [Brown et al., 2008]. Other studies have used the joint distribution of g and
0Dyapor to quantify convective processes, including entrainment of vapor from the unsaturated downdraft into the
subcloud layer, that govern observed decreases in isotopic ratios with increased precipitation [Risi et al., 2008].

The goal of this study is to use satellite measurements from NASA’s Tropospheric Emission Spectrometer
(TES) to determine seasonal variability in 6Dyap0r OVer the tropical Andes and to explore the links between
modern 0Dy,p0r and upwind convective intensity. Satellite data provide spatial coverage impossible to
achieve in ground-based studies, allowing us to evaluate how processes change from north to south along
the spine of the Andes and through the region affected by the South American summer monsoon [Zhou and
Lau, 1998], when most of the accumulation takes place on the tropical glaciers [e.g., Vuille et al., 2000; Hardy
et al., 2003]. Many processes are involved in the conversion of atmospheric water vapor to glacial ice,
including postdepositional processes such as wind scour, sublimation, and melting, in this topographically
complex region [e.g., Hardy, 2003]. Our goal is to advance our knowledge of modern water vapor dynamics
in the tropical Andes, which may provide insights into past processes preserved in the ice core record and
to map out the regions of South America where isotopic ratios in water vapor are affected by convection in
different seasons.
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2. Methods

2.1. Satellite Measurements of Isotopic Ratios

Water isotopologues (HDO, H,'®0, and H,'80) fractionate during phase changes with evaporation and
condensation concentrating the heavier isotopologues in the liquid. We can, therefore, use isotopic ratios in
water vapor to trace atmospheric processes, including Rayleigh distillation, subcloud raindrop evaporation,
diffusion, and large-scale mixing [Worden et al., 2006; Galewsky and Hurley, 2010; Noone, 2012]. HDO/H,O
ratios are reported as the per mil (%o) difference () between the isotopic ratio of the sample (Rsampie) and
standard (Rsg), in this case standard mean ocean water (SMOW): 6D = 1000(Rsampie/Rstd = 1)-

TES, aboard NASA's Aura satellite launched in 2004, provides near-global measurements of infrared radiation
from Earth’s surface and atmospheric gases, including H,O and HDO. TES is a Fourier transform spectrometer
that measures infrared radiation from 650 cm™' to 3050 cm™" in limb and nadir mode [Worden et al., 2006;
Noone, 2012]. We used Level 2 nadir measurements from the TES Lite v006 data set to calculate seasonal and
monthly averages of 0Dyapor (mapor) and g (q) over 10°x 10° boxes centered around Chimborazo (0.9°S, 74.5°W)
(northern tropical Andes), Huascaran (9°S, 78°W) (central tropical Andes), Quelccaya Ice Cap (14°S, 71°W)
(southern tropical Andes), and Sajama (18°S, 69°W) (northern subtropical Andes) at 510.9 hPa, and over a broad
region of South America that incorporates the tropical and northern subtropical Andes (Figure 1). TES nadir
measurements have a ground footprint of 5.3 km x 8.3 km. TES Lite data are bias corrected for known problems
in HDO measurements and have greater vertical resolution than previous versions of the TES data [Worden
et al., 2012] and other satellite instruments [e.g., Lacour et al., 2012], allowing us to distinguish between the
boundary layer and free troposphere. The TES data have peak sensitivity ~500 hPa, and averaging kernels
strongly overlap at this level [Worden et al., 2012], so free troposphere measurements require no further
correction and a single level can be used rather than a weighted average in the vertical.

To ensure high data quality, we used TES measurements from 2004 to 2011 with degrees of freedom for
signal (DOFS) > 0.7 in the free troposphere and a retrieval quality flag of 1. We determined DOFS in the free
troposphere by summing the averaging kernel diagonal for HDO from 750 to 100 hPa. Mean DOFS was
greater than 1 in each domain and each season and differed by less than 0.1 between seasons in each
domain. At Quelccaya Ice Cap, 763 December, January, and February (DJF) and 772 June, July, and August
(JJA) measurements meet these criteria. At Chimborazo, 830 and 795 measurements met these criteria for
DJF and JJA respectively. At Huascaran, 777 and 723 measurements met these criteria for DJF and JJA,
respectively, and, at Sajama, 716 and 564 measurements met these criteria for DJF and JJA, respectively. On
average, these measurements occurred every 3.9 days within each 10° X 10° domain and include more than
half of the TES measurements in the study area. The broader tropical Andean region shown in Figure 1
incorporates more than 20,000 measurements in both DJF and JJA. Mean degrees of freedom for signal, the
primary means to quantify the sensitivity of TES retrievals to a number of factors, including clouds, shows
little seasonal variation in the domains described above. Therefore, variations in interferences have little
impact on seasonal variability in dDy,p0r measurements [e.g., Worden et al., 2007; Lee et al., 2011].

2.2. Ground-Based Sample Collection

We collected eleven air samples at the summit of Quelccaya Ice Cap in evacuated glass flasks [Strong et al., 2007]
from 7 to 9 July 2011. Local conditions were measured simultaneously with a handheld Kestrel weather meter and
an automated weather station installed at the summit of the ice cap in August 2003 [e.g., Hardy and Hardy, 2008;
Bradley et al., 2009; Hardy, 2011]. The average atmospheric pressure at the summit of Quelccaya Ice Cap during
the sampling period was 512 hPa, making these samples directly comparable to the TES measurements. We
cryogenically isolated the water vapor in the University of New Mexico’s stable isotope lab following methods
described by Strong et al. [2007] and Johnson et al. [2011] and converted the water vapor to H, gas using a zinc
reduction method [Friedman, 1953]. We then determined the 6D of the H; gas on a Finnegan MAT-252 mass
spectrometer at the University of New Mexico. Small sample size precluded 6180\,ap0r measurements.

2.3. Theoretical Curves

The Rayleigh model, which describes progressive, open-system isotopic change, is a first-order tool for
diagnosing processes that control 0D,p0r and g. The Rayleigh model assumes the condensed water vapor is
completely removed from the system, decreasing the isotopic ratios of the remaining vapor. This process
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Figure 2. Maps of sample back trajectories launched from the southern tropical Andes (Quelccaya) in (a) DJF and (b) JJA.
The glacier at the center of the domain is shown with a white star. The heavy dashed line shows the boundary of the
10°x 10° domain. The white circle shows the location of Cruzeiro do Sul.

results in decreased 0D, ap0r With decreased g, decreased temperature, increased elevation, and increased
distance from the source region [e.g., Dansgaard, 1964; Gat, 1996]. Deviations from the Rayleigh model can
provide insights into other processes that contribute to the isotopic composition of water vapor in the tropics
and monsoon regions [e.g., Brown et al., 2008]. 6D, .0 that falls below the Rayleigh curve is generally
associated with moisture recycling in convective clouds while 6D, that falls above the Rayleigh curve is
typically associated with advective mixing [e.g., Worden et al., 2007; Noone, 2012].

We calculated Rayleigh curves as a function of g at saturation based on vertical temperature profiles from
atmospheric soundings at Cruzeiro do Sul, Brazil (http://weather.uwyo.edu/upperair/sounding.html), which is
upwind of the central and southern tropical Andean glaciers (Figure 1), based on the equation dInR=(a — 1)
dIn g where R is the D/H ratio, a is the temperature-dependent fractionation factor, and g is the water vapor
mixing ratio [e.g., Dessler and Sherwood, 2003]. We calculated mixing curves based on the equation:

f1D}1 +(1-F)[D,
SDmix = 1000 | | fHI1+(1=1H]2 -1

(%)
HJvsmow

where f is the mixing fraction [e.g., Gedzelman, 1988; Dessler and Sherwood, 2003].
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Figure 3. Maps of South America showing seasonal differences in TES (a) g and (b) dDyapor (0DpyF — 9Djja) with the locations
of tropical ice caps (filled rectangles) in the (1) northern tropical (Chimborazo), (2) central tropical (Huascaran), (3) southern
tropical (Quelccaya), and (4) northern subtropical (Sajama) Andes and the site of Cruzeiro do Sul sounding data (circle) shown.
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Figure 4. Two-dimensional histograms (light solid lines) of TES
0Dyapor and g in the tropical and northern subtropical Andean
glacier region in (a) DJF and (b) JJA with Quelccaya Ice Cap (QIC)
flask measurements from 2011 (white squares). The contours
indicate the frequency of TES measurements with a particular
0D and g, and the contour interval for the TES data is number of
measurements = 50. Filled rectangles indicate the mean
seasonal values for 10°x 10° domains centered on the (1)
northern tropical, (2) central tropical, (3) southern tropical, and
(4) northern subtropical Andes. The heavy lines are the calcu-
lated Rayleigh (solid line) and mixing (dashed line) curves. The
Rayleigh curve was calculated with 0Djnjtja)= —90%0 and
Ginitial = 26479 ppmv. The mixing curve was calculated using a
wet end-member with 6D = —86%o and g = 19162 ppmv and a
dry end-member with 6D = —496%o0 and q =574 ppmv.

In order to calculate the Rayleigh curve, we used an
initial dDyapor Of —90%o, consistent with dDyapor iN
equilibrium with the tropical Atlantic [Craig and
Gordon, 1965] and an initial g of 26479 ppmv,
consistent with the saturation vapor pressure at low
elevations over Cruzeiro do Sul. We used
fractionation factors of Majoube [1971] for
fractionation between liquid and vapor above 0°C
and Merlivat and Nief [1967] for fractionation
between solid and vapor at temperatures below 0°
C. We tested the sensitivity of the Rayleigh curve
calculations to choice of sounding data by
comparing Rayleigh curves calculated from
Cruzeiro do Sul sounding data to Rayleigh curves
calculated based on soundings from locations in
the Amazon Basin, but these calculations did not
yield significantly different results.

In order to determine how the measured 6Dy apor
deviates from the Rayleigh prediction at the given g,
we subtracted the measured 0D p0r from the
Rayleigh prediction at the given g+ 100 ppmv:
ASD = 6Dgayieigh — 0Dres. When a measurement lies
on the Rayleigh curve (i.e,, AdD = 0%o) open-system
equilibrium fractionation controls the isotopic
composition of the water vapor. Measurements that
lie above the Rayleigh curve have a AdD < 0%o,
suggesting that advective mixing between moist air
with relatively high D and dry air with relatively low
oD controls the isotopic composition of the water
vapor. Measurements that fall below the Rayleigh
curve have a AdD > 0%o and are associated with
convective moisture recycling, whereby the vapor
and liquid coexist after condensation and
entrainment of low 6D water vapor from
unsaturated downdrafts decreases the isotopic
ratios in the convective system [e.g., Risi et al., 2008].

2.4. Lagrangian Back Trajectories and Outgoing Longwave Radiation

We investigated links between 6D, and convective intensity by determining the minimum outgoing longwave
radiation (OLR) along back trajectories upwind of each TES measurement. Low OLR is primarily controlled by high
cirrus clouds, which are produced by deep convection and cannot persist long term without convective
conditions [Zhang, 1993]. Therefore, low OLR is often used to identify intense tropical convection and the onset of
monsoon precipitation in monsoon regions [e.g., Kousky, 1988; Kousky and Kayano, 1994; Moron, 1995; Singh, 2005;
Vuille and Werner, 2005; Susskind et al,, 2012]. In Amazonia, a seasonal average OLR of 240 W m™2 or lower is
considered diagnostic of the South American monsoon [Kousky, 1988]. Average AIRS cloud top temperatures in
the study region are ~255 K, suggesting that cirrus clouds fed by deep convection likely control OLR encountered
along trajectories [Zhang, 1993] and confirming that low OLR can be used as a proxy for regional convection.

In order to determine the minimum OLR air encounters en route to the tropical Andes, we first calculated
5-day Lagrangian back trajectories from each TES measurement using NOAA's Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model driven by National Centers for Environmental
Prediction-National Center for Atmospheric Research Reanalysis data [Draxler and Hess, 1997]. Vertical
motion is based on vertical velocity fields from the reanalysis data set [Draxler and Hess, 1997; Draxler,
1999]. Sample trajectories are shown in Figure 2.
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Figure 5. Histograms showing the variability of Asp ~ determine the OLR within a 2°x 2° domain around each
(ASD = 3DRayleigh - dDrEs) in the (a) northern tropical,  trajectory 24, 48, 72, 96, and 120 h before the TES
(b) central tropical, (c) southern tropical, and (d) northern  measurement. OLR data from the AIRS instrument are
subtropical Andes in DJF (solid lines) and JJA (dashed consistent with OLR data from the Clouds and Earth’s
lines). Shaded region indicates that AdD is positive. Radiant Energy System data and have been used to link
variability in tropical OLR with the El Nifo-Southern
Oscillation Index [Susskind et al., 2012]. We determined the minimum OLR along each 5 day trajectory as a
proxy for maximum convective intensity. In order to evaluate the influence of local convection, we
determined average OLR on the day of each TES measurement and the average difference, both spatially and
temporally, between the TES measurement and minimum OLR.

Despite the discrepancies in the precise locations of trajectories calculated based on different meteorological
input and between trajectories launched at different elevations, each trajectory encountered minimum
OLR in the same region (not shown), and minimum OLR encountered along trajectories was consistent.
Mean minimum OLR along back trajectories launched from the elevation of the TES measurement and from
1000 m above the TES measurement varied by only 2W m~2 at Quelccaya Ice Cap, 4 W m~2 over the Pacific,
and 10 W m™2 over eastern Brazil. In DJF, OLR along the subset of trajectories driven by GDAS1 was, on
average, 7W m ™2 higher than OLR along trajectories driven by the Reanalysis data set. In JJA, OLR along the
subset of trajectories driven by GDAS1 was, on average, 2W m~2 higher than OLR along trajectories driven
by the Reanalysis data set.

3. Results
3.1. Seasonal 6D and q Variations

Seasonal variations in g are consistent with precipitation patterns in tropical South America [e.g., Garreaud
et al., 2008]. During the austral summer, g is highest over Brazil (Figure 1a) while g is highest in the vicinity of
the equator in austral winter (Figure 1b). 0D, apor does not follow the same spatial pattern as g in austral
summer (Figure 1c) or austral winter (Figure 1d). Seasonal %Vapo, in the tropical Andes is lower in DJF
(Figure 3a) when g is higher than it is in JJA (Figure 3b). This seasonal pattern is broadly consistent with
seasonal variations in tropical Andean precipitation [e.g., Vimeux et al., 2005] and &' 800w [Thompson, 2000]
but is inconsistent with Rayleigh distillation based on starting dD,,por and g consistent with a tropical
source region. Seasonal Evapor in DJF is lower in the central tropical Andes (—260%o), than in the northern
tropical Andes (—238%o), southern tropical Andes (—247%o), or the northern subtropical Andes (—236%o).
In JJA, @Vapor is 14%o to 33%o higher than it is in DJF while Evapor in the northern subtropical Andes is 4%o
lower than in DJF (Figure 4).

In the tropical Andes, 67% to 73% of the DJF TES measurements fall below the Rayleigh curve (i.e., AOD > 0%o)
with the highest proportion of measurements below the Rayleigh curve in the central tropical Andes. In the
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Figure 6. Maps of AdD (AJD = 0DRayleigh — 0DrEs) for (a) DJF and (b) JJA. Measurements that fall below the Rayleigh curve (i.e,,
AJD > 0%o) are designated by solid lines while measurements that lie above the Rayleigh curve are designated by dashed
lines. The zero contour is drawn with a heavy solid line. In DJF, measurements with AdD > 0%o are centered over the tropical
Andes and upper Amazon Basin. In JJA, measurements with AdD > 0%o are located north of the tropical Andes. Filled rec-
tangles indicate the locations of glaciers included in the study as in Figures 1 and 3. The contour interval is AdD = 20%o.

northern subtropical Andes, 52% of the DJF TES measurements fall below the Rayleigh curve. DJF average
AODapor is +18%o to 28%o in the northern and southern tropical Andes and +36%o in the central tropical Andes.
In contrast, in the northern subtropical Andes, average AdD is —12%o (Figure 5). Spatially, the region where
ASD > 0%o in DJF forms a bull's eye that extends from around 65°W to 95°W and the equator to 20°S (Figure 6a).

While DJF AdD is positive in the tropical Andes, JJA Dy ,p0r is higher than predicted by the Rayleigh model
(i.e., AOD < 0%o). JJA AdD ranges from —142%o in the northern subtropical Andes to —6%o in the northern
tropical Andes (Figure 6b). This is consistent with water vapor sampled at the summit of Quelccaya Ice
Cap in July 2011, which has an average AdD,apor Of —148%o (Table 1). Whereas DJF AdD is highest in the
central tropical Andes, there is a linear relationship (r=0.994, p =0.0057997) between latitude and mean
AJD along the spine of the Andes in JJA, and the region where AJD > 0%o shifts north of the equator
(Figure 6b). This spatial difference in AdD suggests that the dominant processes controlling the isotopic
composition of water vapor over the tropical Andean glaciers differ seasonally.

3.2. Upwind Convective Intensity

More than half (64%) of the DJF and 40% of the JJA 6D,p0r measurements in the tropical and northern
subtropical Andes have AdD > 0%o, consistent with an interpretation that the air parcels have undergone

Table 1. 9Dy apon g, and Local Conditions for Quelccaya Ice Cap Flask Samples

Date Time® T(°0) T4 (°Q) g (ppmv) 6Dyapor (%0) AOD (%0)
7/7/11 1300 —6.5 —16.1 2940 —134 —183
7/7/11 1852 —9.5 —18.0 2460 —153 —185
7/8/11 0700 —9.5 —16.5 2830 —164 —158
7/8/11 1300 —71 —12.0 4280 —162 —111
7/8/11 1600 —7.0 —129 3940 —155 —-129
7/8/11 1900 —9.5 —144 3440 —148 —151
7/9/11 0100 —10.0 —16.8 2750 —-161 —164
7/9/11 01002 —10.0 —16.8 2750 —161 —164
7/9/11 0540 —10.5 —13.1 3870 —168 —-118
7/9/11 0700 —10.6 —10.7 4810 —168 —91
7/9/11 1300 —43 —16.4 2860 —166 —155

“Duplicate sample, T=temperature, Ty = Dewpoint, g = water vapor concentration. Dates are formatted as month/
day/year.

BLocal time (UTC/GMT - 5 h).
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Figure 7. Histograms of minimum OLR encountered en route to the tropical Andes show that minimum OLR along trajec-
tories is lower for measurements with ASD > 0%o (solid lines) than for measurements with AdD < 0%o (dashed lines) in both
(a) DJF and (b) JJA. OLR < 240 W m—2 (gray field) is diagnostic of periods of intense convection in tropical South America.

intense convection [Worden et al., 2007; Noone, 2012]. The goal of this section is to explicitly evaluate the link
between TES measurements with AJD > 0%o and proxies of upwind convective intensity.

Five day back trajectories indicate that air parcels with AdD > 0%o travel through regions with mean minimum
OLR < 240 W m~2 (Figure 7). Air parcels with ASD < 0%o encounter higher average minimum OLR prior to
arriving in the tropical Andes. Histograms of minimum OLR along trajectories show that in DJF (Figure 7a) mean
minimum OLR along all trajectories is 224 W m ™2, This is consistent with intense convection throughout the
region during the monsoon season. DJF measurements with AdD > 0%o encounter lower average minimum
OLR along trajectories (204 W m~2) than DJF measurements with AdD < 0%o (237 W m~?) (Figure 7a). In JJA
(Figure 7b), average minimum OLR along all trajectories is 228 W m™2. JJA measurements with ASD > 0%o also
encounter lower average minimum OLR (209 W m~2) than other JJA measurements (243 W m™2) (Figure 7b).

Contour maps of minimum OLR encountered along air parcel trajectories show that, in austral summer, air
encounters the lowest OLR en route to the central tropical Andes and to the east of the central tropical Andes
(Figure 8a). Spatially, this relationship forms a bull’s eye with a minimum OLR < 200 W m 2 that extends from
around 50°W to 80°W and 20°S to 5°N (Figure 6a). In austral winter, air passes through regions with

OLR < 200 W m 2 en route to the area between the equator and the northern tropical Andes (Figure 8b). In
contrast, the central and southern tropical and northern subtropical Andes are influenced by upwind

latitude

-70 -50
longitude longitude

Figure 8. Contour maps of minimum OLR encountered along back trajectories upwind of each TES 6D measurement in (a) DJF
and (b) JJA. Trajectories launched from measurements with the highest AJD (see Figure 6) encountered OLR < 200 W m~2in
DJF and JJA. Filled rectangles indicate the locations of glaciers included in the study as in Figures 1 and 3. The contour
interval is 20Wm 2,
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Figure 9. Two-dimensional histograms showing the locations where minimum OLR was encountered along trajectories in
(a) DJF and (b) JJA. The gray scale indicates the number of trajectories that encountered minimum OLR at each location.
Filled rectangles indicate the locations of glaciers included in the study as in Figures 1 and 3.

OLR > 240 W m™2 in JJA (Figure 6b). Maps that show the probability density function of the location where
minimum OLR was encountered en route to the 10° x 10° domains around each glacier show that minimum
OLR in DJF (Figure 9a) was encountered slightly further south and west of where it was encountered in
JJA (Figure 9b).

Local convection appears to exert only a minor influence over 9D, ,p0r measured in the tropical Andes
(Figure 10). Regardless of season, less than 1% of the back trajectories launched from each TES measurement
encountered OLR the day the trajectory was launched (Figures 10a and 10b). In DJF, the average distance
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Figure 10. Maps showing the difference between the time of the TES measurement and minimum OLR for (a) DJF and
(b) JJA along with maps of the distance between the location of the TES measurement and the minimum OLR encountered
along trajectories in (c) DJF and (d) JJA. This analysis shows that the 0D measured by the TES instrument is typically the product
of upwind, rather than local, processes.
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between the measurement location and the location where minimum OLR was encountered ranged from
793 km in the southern tropical Andes to 1208 km in the northern tropical Andes (Figure 10c). In JJA, there
were more than 1500 km between the measurement location and the location where minimum OLR was
encountered in the tropical Andes and more than 2000 km in the northern subtropical Andes (Figure 10d).
Average regional OLR at the time of trajectory initiation was 261 W m™2 and 265 Wm™2 in DJF and JJA,
respectively. These results suggest that local convection does not exert a primary control over 6D p0r OF AGD
in either austral summer or austral winter.

4, Discussion

There is a significant negative correlation (r= —0.40, p < 0.0001) between ASD and minimum OLR along back
trajectories, suggesting that 0D, a0 that falls below the Rayleigh curve is associated with intense upwind
convection during DJF. Positive AdD values are generally associated with mesoscale, organized convective
systems upwind of the measuring site rather than local storms [e.g., Lawrence et al., 2004]. There are two main
mechanisms proposed for decreasing the dDyap0r in convective storms: low saturation temperatures in high
cumulonimbus clouds [e.g., Lawrence, 2003; Thompson et al., 2003] or increased entrainment of low dD water
vapor from the unsaturated downdraft into the subcloud layer that feeds the convective system and diffusive
exchanges [e.g., Risi et al., 2008].

It is difficult to directly evaluate the influence of low saturation temperatures on the isotopic composition of
water vapor measured over the tropical Andes. Cloud top temperature data are available, but previous studies
have shown that water vapor typically condenses at lower altitudes and higher temperatures than the top of
the cloud during convective storms [e.g., Smith, 1992]. It is, therefore, impossible to directly evaluate saturation
temperatures without echo top data [e.g., Scholl et al., 2009], which can be obscured by high clouds in the
tropics [Riley and Mapes, 2009]. Models indicate that condensation altitude and temperature variations play no
role in the decreased oD, p0r associated with the amount effect [Risi et al., 2008]. More significant factors include
the decreased isotopic composition of subcloud layer vapor with increased entrainment of low 6D water
vapor from the unsaturated downdraft [e.g., Risi et al., 2008] and converged water vapor [e.g., Moore et al., 2014]
along with diffusive exchanges, which become more efficient at high relative humidity [e.g., Dansgaard, 1964;
Risi et al., 2008]. Therefore, relatively low DJF 6D ,por likely records upwind convective intensity, most likely
associated with the South American summer monsoon, rather than atmospheric temperature. This is consistent
with the Andean Isotope Index [Hoffmann, 2003], precipitation studies from the northern and southern tropical
Andes [Vimeux et al., 2005; Villacis et al., 2008], and models [Vuille et al., 2003a; Vimeux et al., 2009].

The majority of JJA TES measurements have negative AJdD values. Processes that produce this relationship
between g and 6D,ap0r include large-scale advective mixing [Dessler and Sherwood, 2003; Noone, 2012] and
ice lofting with subsequent sublimation in convective clouds [e.g., Smith, 1992]. JJA 6D,,p0r generally falls on
a mixing curve. Although mixing can occur between any number of air parcels last saturated in different
regions [Galewsky and Hurley, 2010], we can simplify the process into a simple two-component mixing model.
The curve that best describes the data has a moist end-member with g=19162 ppmv and 6D, apor= —86%0
and a dry end-member with =574 ppmv and 6D, ,por = —496%o (Figure 2b). The moist end-member may
itself be the product of mixing between marine boundary layer air and recycled moisture from the Amazon
Basin. The dry end-member has an isotopic composition consistent with water vapor in the upper tropical
troposphere [e.g., Bony et al., 2008; Blossey et al., 2010] and may represent subsidence of air dehydrated via
convection [e.g., Galewsky et al., 2011] in the ITCZ, which lies to the north of the equator in JJA.

5. Conclusions

Our goal was to investigate the relationship between water vapor isotopic ratios and upwind convection in
the tropical and northern subtropical Andes in order to improve our understanding of large-scale water
vapor dynamics that, ultimately, deliver moisture to tropical glaciers. Specifically, this study shows that

1. Average 6D, ap0r in the tropical Andes is 13%o to 43%o lower in austral summer than austral winter despite
relatively uniform annual air temperatures.

2. ODyapor is, 0N average, 18%o to 36%o lower than predicted by the Rayleigh model in the tropical Andes in
austral summer and 6%o to 142%o0 above the Rayleigh curve in austral winter.
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3. oD is higher than predicted by Rayleigh fractionation (i.e., AdD > 0%o) for more than half of the DJF TES
0Dy apor measurements but for only ~40% of the JJATES measurements.

4. More than 90% of positive A6D measurements in DJF have minimum upwind OLR < 240 W m™2 (high con-
vective intensity), and all of the measurements with positive AdD encountered lower minimum upwind
OLR than measurements with negative AdD regardless of season.

Previous studies have linked upwind convection to lower 6D, ,p0r than predicted by the Rayleigh model at the
given g [e.qg., Noone, 2012] and to 6'804ney in the tropical Andes [e.g., Vimeux et al., 2005; Villacis et al., 2008].
The regional coverage of the satellite data allows us to explore this link between low isotopic ratios and
upwind convection and to examine the spatial extent of the region where convection controls isotopic ratios
of water vapor. TES measurements with positive ASD in DJF are centered in the central tropical Andes and
to the east of the central tropical Andes in the area affected by the South American summer monsoon. The JJA
measurements with AdD > 0%o are north of the tropical Andes and north of the equator. This result suggests
that deep convection associated with the South American summer monsoon controls 6Dy ,por in DJF while
convection in the ITCZ controls a small proportion of the relatively low dDy.p0r in austral winter.

Pacific sea surface temperature (SST) and SST anomalies associated with the El Nifo-Southern Oscillation
strongly influence convective intensity upwind of the glaciers by controlling the position of the ITCZ, strength
of the Hadley Circulation, Atlantic SST variations [Wang, 2004], South American precipitation [Lenters and
Cook, 1999], and Altiplano climate [Vuille et al., 2000]. Modeling studies and studies based on reconstructed
SST have linked isotopic profiles through tropical Andean ice cores to both Pacific SST and SST anomalies
[Henderson et al., 1999; Vuille et al., 2003a; Thompson et al., 2013]. Overall, our results, based on satellite
observations, are consistent with modeling studies [Vuille et al., 2003b] and with studies based on individual
glaciers [Hardy, 2003; Vimeux et al., 2005; Villacis et al., 2008] and suggest that tropical convection, rather than
temperature, exerts a primary control over 6"804now iN the tropical Andes.
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